To compare gene expression profiles of lacrimal gland duct and acinar cells after laser capture microdissection (LCM) and identify molecular networks related to K ϩ secretion, testing the hypothesis that duct cells are responsible for high K ϩ levels in tears.
F luid secreted by the lacrimal gland acini flows into intralobular and interlobular ducts that anastomose to form the excretory ducts that release lacrimal fluid onto the ocular surface. 1 Because they are abundant, easily accessible, and can be maintained in short-term culture, the lacrimal acinar cells have been studied extensively and are well characterized. They secrete fluid that is thought to be similar in electrolyte concentration to extracellular fluid. 2 Secretion of proteins, 3, 4 growth factors, 5, 6 and vitamins 7, 8 by the acinar cells has been studied, and the transporters, channels, signaling pathways, and intracellular membrane trafficking involved in acinar cell function are quite well understood. 3,9 -14 In contrast, because of their relative paucity and inaccessibility, the duct cells have not been studied extensively, nor have they been isolated and placed in culture. Lacrimal gland fluid and tears have a K ϩ concentration greater than 20 mEq/L compared with a K ϩ concentration of 5 mEq/L in extracellular fluid. 2, 15, 16 Although the mechanism of action is unknown, it has been suggested that this high K ϩ is important for the health of the ocular surface epithelium, [17] [18] [19] leading to marketing of artificial tear formulations with elevated K ϩ levels. 20 It has been proposed that the relatively high potassium ion concentration in lacrimal gland fluid and tears is due to potassium secretion by the duct epithelium. This hypothesis is based on an early observation suggesting that the acini secrete isotonic fluid with an electrolyte composition similar to that of the extracellular fluid, 2 implying that the ducts must add potassium to the secreted fluid. A model for ion transport by the duct cells has been proposed by Mircheff, 12 but has not been experimentally confirmed.
The work presented in this article is part of a larger study designed to compare gene expression between duct and acinar cells. Laser capture microdissection (LCM) 21, 22 was used to collect near homogeneous populations of lacrimal duct and acinar cells. Gene expression profiles were subsequently compared between duct and acinar cells by using cDNA microarrays. To test the hypothesis that duct cells secrete K ϩ into the lacrimal fluid, the cDNA microarray data from duct and acinar cells were mined using gene ontologies relevant to ion transport. A set of genes likely to be involved in basolateral-to-apical K ϩ secretion was identified, and expression of the channel and transport proteins was confirmed using immunofluorescence and confocal microscopy. A proposed model for K ϩ and Cl Ϫ secretion by the duct epithelium of the lacrimal ducts is presented.
Immunohistochemistry and Confocal Microscopy
Antibodies to specific pump, cotransporter, and channel proteins related to K ϩ transport, along with the appropriate FITC and rhodamine labeled secondary antibodies are described in Tables 1 and 2 . Frozen sections (6 m) were mounted on slides (Superfrost; Fisher Scientific, Pittsburgh, PA). The sections were fixed in 70% ethanol, washed, and blocked with 1% BSA (Sigma) and 5% normal donkey serum (Jackson ImmunoResearch, West Grove, PA) in PBS. Primary antibodies, diluted 1:100 in buffer (Primary Antibody Dilution Buffer; Biomeda, Foster City, CA) were applied to the slides and incubated overnight in a moist chamber at 4°C. The sections were rinsed in 0.05% Tween-20 (Sigma) and secondary antibodies, diluted 1:100 in dilution buffer, were applied and incubated for 1 hour in the dark. The slides were again washed with Tween-20 and 4Ј,6Ј-diamino-2-phenylindole (DAPI; Invitrogen, Eugene, OR) was then applied for 10 minutes to stain the nuclei. The sections were then washed in deionized water, coverslipped using aqueous mounting medium (Gel/Mount; Biomeda) and allowed to dry overnight in the dark. Images in Figures 2 to 4 and 7 to 9 were captured with a confocal microscope (model 510 NLO confocal microscope with a META detector; Carl Zeiss, Inc., Thornwood, NY). FITC was excited at 488 nm using an argon laser and HFT UV/488/543/633 dichroic, while rhodamine was excited with a helium-neon laser at 543 nm and the same dichroic. DAPI was excited with a Ti-sapphire pulsed laser at 800 nm. Nomarski/differential interference contrast (DIC) images were acquired with the visible detector and 543 nm excitation. Images were captured and processed using the image programs inherent in the microscope system (Carl Zeiss Meditec, Inc.). Images in Figures 5 and 6 were captured with a separate system (ApoTome Imaging system with Axiovision software; Carl Zeiss Meditec, Inc.).
RESULTS

Laser Capture Microdissection and RNA Amplification
Duct cells were cleanly separated from surrounding cells because the plastic film on the caps (Cap Sure; Arcturus Engineering, Inc.) did not adhere well to connective tissue that delineates ductal and acinar compartments (Fig. 1) . Duct cells were captured from the glands of each rat (n ϭ 5) used in the study by using 200 to 400 laser pulses, yielding 81.9 to 241.3 
Gene Expression in Lacrimal Gland Duct and Acinar Cells
To analyze microarray data, filters were set to include only genes with a sample intensity Ն150 in 5 of 10 arrays. (The 10 arrays consisted of arrays from duct cells of five rats and five paired arrays from acinar cells.) Data were log 2 transformed and mean centered across the arrays. A total of 10,294 cDNA probes passed these filters. The complete list of genes is provided online in Supplementary Table S1 at http://www.iovs. org/cgi/content/full/47/5/1876/DC1. The data were then mined by using gene ontologies for biological process activity, molecular function, and cellular components, as related to ion transport (Table 3 ). This analysis, which was conducted using Affymetrix NetAff annotations (Affymetrix, Santa Clara, CA) linked to Entrez Gene ID, yielded a list of 55 genes with known functions (Table 4 ).
The probabilities were corrected to false-discovery rates (FDRs) of 0.2. The FDR is a considerably more stringent test than Student's t-test, setting a lower threshold for making an appropriate conclusion that a gene is differentially expressed. The FDR test indicated that seven of the genes listed in Table  4 were differentially expressed between ducts and acini. Notable genes in this group were those encoding the ␣ (〈pt1a1), ␤ (Atp1b1, Atp1b3), and ␥ (Fxyd2) subunits of Na ϩ ,K ϩ -ATPase which were expressed at significantly higher levels in duct cells than in acinar cells.
The list of transport-related genes was inspected for genes likely to be involved in transport of K ϩ into the ducts. Genes of particular interest identified in this group based on previously published studies (Mircheff, 12 as discussed later) were a K ϩ /2Cl Ϫ cotransporter (SLC12a4), a Na ϩ ,K ϩ ,2Cl Ϫ cotransporter (Slc12a1), an intermediate conductance Ca-activated potassium channel (Kcnn4), anion exchanger 1 (Slc4a3), chloride channel 3 (Clcn3), the muscarinic cholinergic receptor 3 (Chrm3), and aquaporin 5 (Aqp5). Three genes in the ATPbinding cassette family, of which the cystic fibrosis transmembrane regulator (CFTR) is a member, were also identified on the microarrays (Table 4) . Unexpectedly, CFTR was not present on the list, however, preliminary analysis of the data revealed an , that was strongly expressed in both ducts and acini. We chose to confirm the expression of these genes and the Na ϩ ,K ϩ -ATPase ␣ and ␤ subunits (Table 1) by immunofluorescence studies with the goal of confirming the translation of these genes and demonstrating that the cellular location of the gene products is consistent with vectorial transport of K ϩ into the lacrimal gland ducts.
Immunofluorescence Confocal Microscopy
A Nomarski/DIC image of a lacrimal gland section stained with DAPI is shown in Figure 2 . Cross sections of two ducts are (Table 4) , Na ϩ ,K ϩ -ATPase was expressed in both lacrimal ducts and acinar cells (Fig. 3) . This pump protein was not expressed on the apical membranes of the ducts, as clearly shown with the antibody to the Na (Fig. 4B) .
The CFTR was present in both duct and acinar cells. In duct cells it appeared to be expressed more strongly on the apical membranes (Fig 4A) . This can be seen most clearly on sections dually labeled for both CFTR and Na ϩ ,K ϩ -ATPase ␤ subunit (Fig. 4B) .
The ClC-3 chloride channel antibody stained both duct and acinar cells. Although fluorescence was detected on the entire visible area of the acinar cells, the fluorescence in the ducts was localized to the apical membranes of the cells (Fig. 5) . 
The gene for the band-3 anion exchanger (AE1) was expressed in both acinar cells and duct cells. Immunofluorescence showed that this transporter is localized to the basolateral membranes of the acini. In contrast, AE1 while clearly present in the ducts, was not preferentially localized to any particular duct cell membrane (Fig. 6) .
The intermediate conductance calcium-activated potassium channel (IK Ca 1) gene was expressed in both duct and acinar cells of the lacrimal gland ( Table 4 ). The channel protein was faintly detectable in acinar cells, but was prominently localized to the apical membrane of the duct cells (Figs. 7A, 7B) . The M3 cholinergic receptor gene was also expressed in ducts as detected on microarrays. Because acetylcholine can mediate release of internal Ca 2ϩ stores in lacrimal gland, 3, 4 sections were dually labeled for the M3 receptor and IK Ca 1. M3 showed basolateral localization in ducts, whereas IK Ca 1 was confined to the duct cell apical membranes (Fig. 7C) .
Of major interest with regard to secretion of K ϩ into the ducts were the NKCC1 and KCC1 cotransporters. By immunofluorescence, little evidence of expression of these transporters was detectable in the acinar cells (Fig. 8A) . In contrast, the KCC1 cotransporter was strongly expressed in duct cells and was limited to the apical membranes of the ducts (Fig. 8) . The NKCC1 cotransporter was strongly expressed on the basolateral membrane, as seen in the image without the Nomarski overlay (Fig. 8B) . No colocalization of these transporters was evident on the confocal micrographs.
The ducts and acini also stained prominently for aquaporin 5, which was also highly expressed at the transcriptional level (Table 4 ) and has been shown to be present in lacrimal gland by immunostaining. 35 Aquaporin 5 was limited to the apical membranes of duct cells (Fig. 9) .
DISCUSSION Laser Capture Microdissection
The development of the fields of genomics and proteomics and use of microarrays allows global investigation of cellular characteristics, but, as pointed out by Emmert-Buck et al., 21 and Bert and Emmert-Buck 22 optimization of these techniques requires pure populations of cells. In their original paper on LCM, the use of LCM to isolate glomeruli from kidney, amyloid plaques from brain, and precursor cells of breast neoplasm from mammary tissue was demonstrated. 21 Subsequently, this technique has been used to study numerous tissues, permitting the isolation of specific cell types such as primary spermatocytes from testes, 36 specific regions of the retina and brain [37] [38] [39] and lung cancer cells. 40 In the present study we have demonstrated the utility of LCM for separation of duct cells from the surrounding acinar cells and connective tissue. Although there is one report of patch clamp recording from isolated duct cells, 41 the identity of the cells was not unequivocally confirmed. This is, to our knowledge, the first report on isolated duct cells with retention of histologic structure and organization that accurately identifies the cell type in question. LCM has excellent prospects for future studies that will distinguish between ducts and acinar cells in animal models of lacrimal gland disease as well as for investigations of human lacrimal gland biopsy or pathology specimens.
cDNA Microarray Analysis
The efficient use of the vast amount of data produced by cDNA microarray analysis requires that the data be approached with specific hypotheses or problems in mind. 42 Although analysis of the microarray data yielded data on expression of many similarities and differences in gene expression between lacrimal ducts and acini (Supplementary Table S1 ; http://www.iovs.org/cgi/ content/full/47/5/1876/DC1), we chose to use the microarrays as an efficient method for screening duct and acinar cells for expression of genes related to K ϩ secretion. This analysis led to identification of genes expressed in the ducts that are potentially involved in vectorial basal-to-apical transport of K ϩ and Cl Ϫ by duct cells including the intermediate conductance Ca-activated K ϩ channel which has not been identified in the lacrimal gland. Statistical analysis of microarray data also revealed relatively high levels of Na ϩ ,K ϩ ATPase gene expression in ducts, supporting the hypothesis that the ducts secrete K ϩ . These data on channels, transporters, and receptors, which were confirmed by immunofluorescence, led to the construction of a model of K ϩ secretion by the ducts, as is discussed in the remainder of this report.
Expression of Transporters, Channels, and Receptors in Duct Cells
It is well known that secretion of fluid by the lacrimal gland is dependent on the activity of Na ϩ ,K ϩ -ATPase. Early studies of fluid secretion by the lacrimal gland showed that secretion is inhibited by ouabain. 9 Based on findings in other secretory epithelia it was expected that the Na ϩ ,K ϩ -ATPase would be localized to the basolateral membrane of lacrimal epithelial cells. Although there was controversy for a time as to whether the pump is also present on the apical membranes, 43, 44 there is now general agreement that Na ϩ ,K ϩ -ATPase is basolaterally located. 9, 45 This is confirmed in the present study, in which we demonstrate by immunofluorescence the expression of the ␣ and ␤ subunits of Na ϩ ,K ϩ -ATPase in duct and acinar cells and the absence of these proteins from the apical membranes of ducts (Figs. 3, 4B ). In the first report on Na 46 is higher in the duct cells is in agreement with the reports by Dartt et al. 9 and Okami et al. 45 As originally proposed by Dartt and Okami, increased gene and protein expression for all the subunits of the Na ϩ ,K ϩ pump in the duct cells (Table 4 ) is consistent with a high level of K ϩ transport by the lacrimal gland ducts. Na ؉ ,K ؉ ,2Cl ؊ Cotransport. Coupled cotransport of sodium, potassium, and chloride occurs across the membranes of most animal cells and, as reviewed by Russell, 47 is mediated by Na
and Na ϩ ,Cl Ϫ cotransporters. These types of transporters are inhibited by furosemide and based on inhibition of lacrimal fluid secretion in vivo by furosemide, Dartt et al. 9 and Micheff 12 suggested that lacrimal acinar and duct cells may express a basolateral Na ϩ ,Cl Ϫ cotransporter. Subsequently, Singh 48 presented in vitro evidence for Na ϩ ,Cl Ϫ cotransport in the lacrimal gland, but an electrophysiological study by Ozawa et al. 49 demonstrated stimulation of Cl Ϫ uptake into mouse lacrimal acinar cells with both Na ϩ and K ϩ , suggesting a basolateral Na ϩ ,K ϩ ,Cl Ϫ cotransporter. The Na ϩ ,K ϩ ,2Cl Ϫ cotransporter exists as two isoforms, both mediating ion influx: NKCC1, expressed in many cell types, and NKCC2, found only in the kidney. 47 Walcott et al. 50 recently demonstrated the presence of NKCC1 in duct and acinar cells of mice with localization to the basolateral membranes. In agreement with Walcott et al. the present study presents evidence for expression of NKCC1 on the basolateral membranes of duct cells of rat lacrimal glands (Fig. 8) . This transport protein was barely detectable in rat acinar cells. This
IOVS,
finding suggests that the Na ϩ ,Cl Ϫ cotransporter proposed by Dartt et al. 9 and Mircheff 12 may be more active in acinar cells, whereas expression of NKCC1 is consistent with K ϩ secretion by the duct cells.
Ϫ cotransporters of the CCC family are represented by at least four members, KCC1 to -4, 26, 27, [51] [52] [53] which are widely distributed. 54, 55 The KCC transporters mediate efflux of K ϩ and Cl Ϫ from cells and are furosemide sensitive. The characteristics of KCC1 53 are consistent with the properties of a K ϩ ,Cl Ϫ transporter identified in the distal convoluted tubule (DCT) and cortical collecting duct (CCD) using microperfusion techniques. 56, 57 Both of these nephron segments secrete K ϩ into the lumen of the tubule. Evidence obtained in the present study suggests a similar function of KCC1 in the lacrimal gland ducts. The expression of KCC1 mRNA in duct cells (Table 4 ) and localization of KCC1 to the apical membrane (Fig. 8) is of particular importance, because in kidney, where KCC1 mRNA is present in DCT and CCD cells, 55 the protein has not yet been conclusively localized to the apical membrane, although physiologic evidence exists for the apical location of KCC1 in kidney tubules. 53 The furosemide sensitivity of KCC1 suggests that furosemide may decrease K ϩ levels in lacrimal gland fluid. Although Dartt et al. 9 showed a decrease in fluid secretion when the gland was exposed to furosemide, a concomitant decrease in K ϩ concentration has not been investigated. Cl ؊ Transport. Apical chloride channels in lacrimal acinar and duct cells were postulated by both Dartt et al. 9 and Mircheff. 12 Evans and Marty 58 demonstrated the existence of a calcium-dependent chloride current in rat lacrimal acinar cells and more recently, Herok et al. 59 have studied effects of osmotic stress on Cl Ϫ currents in acinar cells; however, chloride channels, including the cystic fibrosis transmembrane regulator (CFTR) and the ClC family have not been systematically studied in the lacrimal gland.
Microarray data identified at least three genes from the ATP-binding cassette family, which were multidrug resistant proteins (Table 4) . Although micorarray evidence for the expression of the CFTR gene was not compelling, confocal microscopy confirmed that the CFTR chloride channel 28, 60 is strongly expressed in both duct and acinar cells. As expected, based on its location in other secretory epithelial such as pancreas, 60 CFTR is strongly localized to the apical membrane of the duct cells (Fig. 4) . This is, to our knowledge, the first evidence of expression of CFTR in lacrimal gland. The only other report concerning CFTR in lacrimal gland is the observation of lacrimal gland disease in a mouse model of cystic fibrosis with a null mutation for CFTR. 61 According to the authors these mice had dilated acini, suggesting back pressure due to blocked ducts. Apparently, no further research has addressed this problem, although there is one report of dry eye in patients with cystic fibrosis. 62 The ClC family of chloride channels has at least eight widely expressed members, ClC0 to -7, 63 plus two channels expressed primarily in kidney, ClC-K1 and ClC-K2. 64 These represent channels involved in secretion, volume regulation, and control of membrane potential. On microarrays, we detected two Cl Ϫ channels of the ClC family (Table 4) , a ClC-K1-like channel that is usually considered to be primarily expressed in kidney, 65 and ClC-3, which is expressed in many transporting epithelia, including intestine, airways, kidney, 63 and salivary gland. 66 The ClC channels have not been studied in detail in the lacrimal gland, but Majid et al. 66 have reported that in contrast to salivary gland, the ClC-3 channel mRNA and protein is apparently not expressed in lacrimal gland acinar cells. In contrast, we have demonstrated strong immunofluorescence on the apical membranes of duct cells exposed to a ClC-3 antibody. This is in agreement with apical localization of ClC-3 in ducts of the Cl Ϫ transporting epididymal epithelium. 67 Although we cannot rule out the possibility that the ClC-3 antibody used in this study cross-reacts with a related ClC channel, our observations place ClC-3 or a related channel in the apical membrane of the lacrimal duct cells (Fig. 5) where it would be well-positioned for conductance of Cl Ϫ between the cytoplasm and the duct lumen.
The band 3 anion exchanger (AE1) that mediates Cl Ϫ /HCO 3 Ϫ antiport was also identified on microarrays in both ducts and acini. Confirmation of its expression by immunostaining localized this transport protein to the basolateral membranes of acinar cells (Fig. 6) . Ozawa et al. 68 and Lambert et al. 69 provided physiologic evidence for expression of the anion exchanger in mouse and rat lacrimal acini. The latter group proposed a basolateral location, which we have confirmed. The anion exchanger is also strongly expressed in ducts, but a clear basolateral or acinar localization could not be confirmed. Therefore, we have not included this transporter in our proposed model for vectorial K ϩ and Cl Ϫ transport by lacrimal ducts. Potassium Channels and Cholinergic Receptors. Electrophysiological evidence for the presence of K ϩ channels on the luminal membranes of acinar cells has been reported by Tan et al. 70 In the present study, microarrays revealed many K ϩ channels expressed in lacrimal duct cells (Table 4) . Most of these channels are probably electrogenic channels that may or may not be involved in K ϩ secretion. For this reason, we chose to focus on a channel that can clearly be associated with K ϩ secretion, the intermediate conductance calcium-activated K ϩ channel (Kcnn4, IK Ca 1), which is strongly expressed in lacrimal duct cells, as shown in the present study, and is also known to be expressed in pancreas. 71 In addition to the IK Ca 1 channel, potassium secreting cells have also been shown to express a large-conductance calcium activated channel (BK Ca ) and small conductance channel (SK Ca ). 31 The BK Ca channel has been identified in the apical membrane of lacrimal acinar cells and may also be present in ducts. 72 Although it is an abundant and common channel, the BK Ca channel was not included on the rat microarray used in this study, so we have no gene expression data on the BK Ca channel in duct cells. Attempts to identify the BK Ca channel in ducts by immunofluorescence yielded equivocal results (data not shown).
The IK Ca 1 channel was strongly expressed in the apical membrane of the duct cells (Fig. 7) and based on data from the proximal colon it may be very important in regulated K (Fig. 7C) is consistent with cholinergic control of the IK Ca 1 channels. The M3 receptor was the only cholinergic receptor detected on microarrays (Table 4) , which is consistent with previous reports that M3 receptors are the predominant cholinergic receptors in the lacrimal gland. 73, 74 Cholinergic control of the acinar cells of the gland is well established and quite thoroughly understood.
3,4,9,15 Ding et al. 75 have previously demonstrated close association of cholinergic nerve fibers with ducts in mouse lacrimal glands. Localization of the receptor to the duct cell basolateral membrane confirms that the ducts as well as the acini are under cholinergic control. the basolateral membrane with undefined K ϩ and Cl Ϫ channels on the apical membrane. Taken together the various transporters and channels just described can be used to propose a mechanism for K ϩ and Cl Ϫ secretion by the lacrimal ducts (Fig. 10 ) that expands on the Mircheff's hypothesis. As in all secretory epithelia the basolateral Na ϩ ,K ϩ pump extrudes Na ϩ from the cell while pumping K ϩ into the cell. The relatively high level of pump expression in the duct cells may cause elevated intracellular [K ϩ ], promoting secretion at the apical membrane. A high level of pump activity will increase the influx of Na ϩ via the basolateral NKCC1 transporter, thereby loading the cell with K ϩ and Cl Ϫ via cotransport. The apical KCC1 transporter in turn secretes K ϩ and Cl Ϫ into the lumen, in agreement with the proposed mechanism in the kidney cortical collecting duct. 53 Gillen and Forbush 76 used overexpression of KCC1 in HEK-293 cells to show that the resultant decrease in intracellular Cl Ϫ stimulates NKCC1 activity, and suggested apical-basolateral cross-talk between transporters. In light of this finding, the significantly higher expression of KCC1 in lacrimal gland duct cells than in acinar cells argues for a role of the duct cells in KCl secretion. Potassium also enters the lumen of the duct through apical IK Ca 1 channels under the influence of intracellular Ca 2ϩ released in response to cholinergic stimulation. Regulation of these channels via the M3 receptor insures that K ϩ secretion increases in parallel with parasympathetically stimulated fluid flow from the lacrimal acini. As K ϩ is secreted via IK Ca 1, and probably BK Ca channels, 67 Cl Ϫ follows via the apical CFTR channels as well as ClC channels.
A Model of K
In conclusion, this study demonstrates how LCM and cDNA microarrays, combined with immunohistochemistry can be used to study the relatively inaccessible lacrimal duct cells. The data provide a reasonable solution to long-standing questions about the secretory function of lacrimal duct cells and the elevated K ϩ levels in tears. This demonstrates the feasibility of using these techniques for further studies of duct cells addressing problems related to lacrimal gland diseases such as Sjögren's syndrome and tumorigenesis.
